In order to select a unique solution an additional criterion has been formulated.
Introduction
Soft magnetic composites (SMC) have physical properties which are used for adapting these materials to specific applications [1] , [2] . Very often the functionality of these materials depends on more than one feature. This leads to multi-criteria optimization problems, which has not been applied yet in the design of SMC. However, there are papers which treat more than one physical property of SMC but these are not considered as target functions in an optimization procedure [3] , [4] . Recently an algorithm for designing values of the hardening temperature and the compaction pressure in the production process of soft magnetic composites (SMC) has been derived by using the concept of the pseudo-state equation [5] . In equilibrium thermodynamics the equation of state relates thermodynamic parameters. For instance, in the case of gas-liquid system they are the temperature, pressure and volume of the considered material.
By analogy with the equation of state we consider a phenomenological relation between the technological parameters and physical properties of the material.
Such an approach for SMC is possible thanks to the topology of the completed set of scaled power loss characteristics. The most important features of this topology are the following, [5] :
Set of characteristics consists of one variable smooth function
where P tot is density of power loss, B m is peak of induction, f is frequency of electromagnetic field wave, F (·) is a function of the following form [5] :
where Γ i , α and β have to be determined from experimental data. The form (1) has been derived from the assumption about the power losses as a homogeneous function in a general sense. Each characteristic is determined by the values of Γ i coefficients and α as well as β exponents. These are functions of the technological parameters T and p
where T and p are hardening temperature and compaction pressure, respectively.
(3) reveals that characteristics (1), (2) of samples composed at different T, p conditions possess different dimensions, whereas all disentangled characteristics
possess a common physical dimension. Why do we use the implicit form (1), (2) Let (p 1 , T 1 ) and (p 2 , T 2 ) be labels of the characteristics of the two composites which have been composed under conditions corresponding to these pressures and temperatures, respectively. Then the distance between these characteristics has the following general form:
where R(·, ·) satisfies axioms of the distance function. Therefore, the set of all characteristics constitutes metric space.We have shown in [5] that this space consists of two subspaces. Therefore, by introducing the distance measure in the space of all characteristics we make each of these subspaces compact.
Each compact set corresponds to physical phase which is defined by char- acteristic values of the physical parameters. For instance, in [5] we considered the low and high losses phases of SOMALOY 500. All the properties mentioned above are presented in Fig. 1 ; however, the compactness of characteristics' subsets is ensured by the existence of (5). These properties have enabled us to introduce a measure of power loss V (T, p) which was the average of characteristics with respect to
Note that the dimension of the denominator in front of the integral and the dimension of integration limits cancel themselves out.
From the topological properties of the characteristics' set and on (3) as well as on (6) the pseudo-state equation for soft magnetic composites has been derived. This equation has enabled us to determine the optimal values of the technological parameters [5] . However, the described optimization relates only to the power losses and in design processes optimization of induction is also important. Therefore, the goal of this paper is to create a new algorithm for optimization of both the power losses and the induction within the frame of a bicriteria problem.
Experimental Data
Specimens were produced by cold pressing under pressure of 500. . .900 MPa.
The specimens made of Somaloy 500 powder were cured at a temperature of 400. . . Hz. During measurements of the total power losses P tot , the shape factor of the secondary voltage was equal to 1.111±1.5 %. Maximum measurement error of the total energy losses was equal to 3%. In order to optimize the magnetic properties, the magnetic inductions B at fixed magnetic field H equal to 1000 A/m were determined. These values were obtained from measurements of the DC magnetization curve according to IEC Standard 60404-4 using the same measuring system.
Power Losses and Induction Pseudo-State Equations
Optimization of the power losses was based on the topological properties of the characteristics. However, in the case of magnetic properties the situation is much simpler. For optimization of magnetic properties we selected induction B 1000 for the fixed magnetic field H=1000(A/m). We chose this value because the magnetic permeability of the soft magnetic composites reaches a maximum value around this magnetic field. We expected that the pseudo-state equation would properly describe induction at this point as a function of T and p. In the previous paper [5] it was assumed and confirmed that the loss measure V obeys the scaling. Here, this assumption was extended to induction. In order to justify this assumption we referred to two phenomena: invariance of power losses (area of the hysteresis loop) with respect to scaling and invariance of the hysteresis loop with respect to scaling [7] . Therefore, for the bicriteria optimization problem, minimization of the power losses and maximization of the induction for a fixed magnetic field, we used the following pseudo-state equations of general form:
where
where Φ(·) and Λ(·) were arbitrary functions to be determined.
are scaling exponents and scaling parameters respectively, and were to be determined. In the case of the power losses' pseudo-state equation all calculations concerning modelling of Φ(·) and fitting of scaling exponents as well as model parameters were done in [5] . The most important result was the derivation of an infinite set of solutions for the technological parameters which minimized the power losses:
(11)
Induction Pseudo-State Equation
In this Section we derive a pseudo-state equation for induction B 1000 which will constitute a function of the two variables p and T . This function and the 
power losses' pseudo-state equation (7) will enable us to optimize induction and losses together. The optimization criteria are the following: find V = V min and B 1000 = B 1000 max with respect to p and T . Deriving in [5] the form for Φ(·)
we reveal two phases of Somaloy 500: low losses and high losses. Therefore, in terms of the induction pseudo-state equation we have to take into account this phase separation. Measurement data of B 1000 vs. T and p are separated into these two phases in Table 1 .
The horizontal line between B 1000 = 0, 414(T) and B 1000 = 0, 425(T) indicates the crossover between the low losses phase and the high losses phase.
This transition is clearly visible in the jump of the V (T, p) function around the separation line [5] . For each phase we assume an independent branch of the pseudo-state equation in the form of the Padé approximant. In order to simplify notations we introduce the following abbreviations:
Expressing Λ(·) in (8) by the Padé approximant we get the following form for the induction pseudo-equation of state: 
Estimation of Parameters for Induction Pseudo-State Equation
The above-mentioned crossover between low-loss and high-loss phases is Table 1 . However, this effect is not seen in the induction magnitude. Therefore in order to have a compact description of the power losses and the induction we take that into account and we divide the data of Table 1 into two subsets corresponding to the two respective phases. Minimizations of χ 2 for both phases have been performed with Microsoft Excel 2010, where
where N = 7 and N = 6 for the low-losses and high-losses phases, respectively. Table 2 and Table 3 present estimated values of the model parameters for the low-loss and high-loss phases, respectively. 
Optimization of Induction and Power Losses
In the optimization of the power loss problem [5] we have applied low loss phase solutions and high loss phase solutions have not been considered. However, it is not clear whether this simplification excludes important solutions for the induction. The binary relations are invariant with respect to scaling [6] , [5] .
This enables us to present all scaled characteristics in the one picture Fig.2 and draw the following conclusion. All considered pressure characteristics of the high losses phase are covered by the set of the low losses phase characteristics. Therefore for further investigations we limit our searching to the low losses phase. To this end we draw part of the phase diagram of Somaloy 500 corresponding to the low losses phase Fig. 3 and we deliver values of G i , D i , p c , γ which are displayed in Table 4 . Table 5 : Somaloy 500, low-losses phase. Optimum solutions in technological and in physical spaces. 
Details of Bicriteria Problem
All calculations in this section have to satisfy the following conditions: 18, 4 < X < 22, 9, which results from limitation of the presented calculations to the Low Losses Phase presented in Fig. 3 . The considered bicriteria problem is formulated by the initial value of V = V 1 , feasible set of (p, T ) and the two criteria :
V (p, T ) = V min whereas B 1000 (p, T ) = B 1000 max . Since increase of B 1000 causes increase of V these conditions are in contradiction. Therefore looked for solving criterion should lead to self-consistency between V min and B 1000 max . Such consistency will be achieved as a fixed point of the following recurrence procedure.
Let maximiztion and minimization procedures be reprezented by the operatorŝ O max andÔ min , respectively. Let B 1000 (T, p) and V (T, p) be functions defined
by (13) and (14) respectively. Then the one step of independent optimizations of B 1000 (T, p) and V (T, p) can be writen in the following form:
The obtained result consits of the two points (T 1 , p 1 ), (T 2 , p 2 ) and the corresponding values of magnitudes to be optimized B 1000 (T 1 , p 1 ) and V (T 2 , p 2 ).
Therefore, any further optimization is not possible and the bicriteria problem is not solved. In order to mesh B 1000,max and V min we introduce constrain V (T, p) = V 0 which protects (16) and (17) against collapse, where V 0 is an initial value of loss. Then (16) get the following form which coupled B 1000,max and V min as well as leaved some space for further optimization:
Having B 1000 (T 1 , p 1 ) we protect (17) against collapse:
Therefore, after n steps we obtain:
(18)-(21) generate the two converging series:
Substituting T * and p * to (13) and (14) we derive the meshed values of V and B 1000 :
The found solutions are not unique. Selecting set of initial values for V o we derive the set of final solutions. Optimization has been done by SOLVER routine of EXCEL2010 program. Obtained output is presented in TABLE 5. Fig.4 and At the end we pay some attention to the power losses measure V . This is an auxiliary magnitude which help us to derive values of designing technological parameters due to the following features:
• V is pseudo-thermodynamic average with respect to magnitude created with the peak of induction and the frequency of electromagnetic field wave.
Therefore, this includes information about both independent variables.
• V depends on the technological parameters.
• Physical dimension of V is unknown yet due to a dummy exponent β.
However, the value of V is well determined together with values of p and T which enables us to compose SMC specimen and to perform measurements of its characteristics. Finally, applying (1), (2) we are able to calculate β and to determine the physical dimension of the current V .
Conclusions
We have presented method for the bicriteria optimization of the chosen physical properties of Soft Magnetic Composites. By this way we have solved the problem mentioned in [5] which concerns optimization of losses and induction.
Achievement of the fixed point is interpreted as revelation of an equilibrium between the both assumed criteria.The crucial roles in the presented method play scaling and the notion of pseudo-state equation. The created system is as good as the experimental data which have been used for the estimations of model parameters. Therefore, presented here the first version will be improved by forthcoming new experimental data. The presented example in this paper is a minimum nontrivial case of Multiphysics problem and shows that this approach suits for designing Magnetic Composites. Therefore, the presented algorithm is going to be extended for more than two physical features of the composing material. For instance, the designing of magnetic composites requires also optimization of mechanical properties, since the susceptibility of such materials to cracking in service is of fundamental concern [8] . We address the derived algorithm to designers of SMCs.
